Rod and cone photoreceptors in mammalian retina are generated from common pool(s) of neuroepithelial progenitors. NRL, CRX and NR2E3 are key transcriptional regulators that control photoreceptor differentiation. Mutations in NR2E3, a rod-specific orphan nuclear receptor, lead to loss of rods, increased density of S-cones and supernormal S-cone-mediated vision in humans. To better understand its in vivo function, NR2E3 was expressed ectopically in the Nrl 2/2 retina, where post-mitotic precursors fated to be rods develop into functional S-cones similar to the human NR2E3 disease. Expression of NR2E3 in the Nrl 2/2 retina completely suppressed cone differentiation and resulted in morphologically rod-like photoreceptors, which were however not functional. Gene profiling of FACS-purified photoreceptors confirmed the role of NR2E3 as a strong suppressor of cone genes but an activator of only a subset of rod genes (including rhodopsin) in vivo. Ectopic expression of NR2E3 in cone precursors and differentiating S-cones of wild-type retina also generated rod-like cells. The dual regulatory function of NR2E3 was not dependent upon the presence of NRL and/or CRX, but on the timing and level of its expression. Our studies reveal a critical role of NR2E3 in establishing functional specificity of NRL-expressing photoreceptor precursors during retinal neurogenesis.
INTRODUCTION
Neuronal specification is guided by complex interactions between intrinsic genetic programs and extrinsic regulatory factors, entailing precise coordination between withdrawal from the cell cycle and differentiation (1 -5) . Acquisition of functional specificity depends on spatially and temporally precise gene expression patterns that are in turn dictated by complex transcriptional regulatory networks (6 -8) . In the vertebrate retina, six major types of neurons and Müller glia are generated from common pools of multipotent neuroepithelial progenitors in a relatively conserved birth order (7, 9) . The prevailing model proposes that retinal progenitor cells (RPCs) pass through a series of transient and progressively restricted competence states, in which they can produce a specific set of cell type(s) (9, 10) . Intrinsic mechanisms appear to play a major role in retinal cell fate determination (11) . Not surprisingly, an array of transcription factors are shown to specify retinal cell fates during development (12 -17) .
The mammalian retina contains two types of photoreceptors-rods and cones-rods are highly sensitive photoreceptors, whereas cones are responsible for visual acuity, day-light and color vision. In humans and mice, rods greatly outnumber cones and constitute over 95% of photoreceptors. The functional differences between the two photoreceptors are related to their distinct morphology and synaptic connections, and depend upon unique gene expression patterns (18, 19) . Cones are born earlier than rods during retinal development; however, rod genesis spans a much broader temporal window than cones (20, 21) . Post-mitotic photoreceptor precursors exhibit variable delays before expressing their respective opsin photopigment (22, 23) . The molecular mechanism(s) underlying the 'delay' and gene regulatory networks that dictate photoreceptor maturation have not been precisely elucidated.
Cone-rod homeobox (CRX), neural retina leucine zipper (NRL) and photoreceptor-specific nuclear receptor (NR2E3) are key transcriptional regulators that are shown to control photoreceptor differentiation. The homeodomain protein CRX is required for both rod and cone development and regulates the transcription of many photoreceptor-specific genes (24 -26) . The Maf-family bZIP transcription factor NRL (27) is essential for rod differentiation and controls the expression of most, if not all, rod specific genes (21, 28, 29) . Its genetic ablation in mouse (Nrl 2/2 ) results in the transformation of rod precursors to functional S-cones (15, 21, 30) . NR2E3 was first identified by its homology with Drosophila developmental gene tailless and vertebrate TLX (now called NR2E1) (31) . It appears to be expressed exclusively in the rod photoreceptors (32 -35) . Mutations in the three regulatory proteins are associated with distinct retinal disease phenotypes (RetNet website: http://www.sph.uth.tmc.edu/RetNet/ disease.htm).
Loss-of-function mutations in the human NR2E3 gene have been identified in patients with enhanced S-cone syndrome (ESCS) and related retinopathies, which are characterized by night-blindness and increased S-cone sensitivity (36 -42) . A deletion within the mouse Nr2e3 gene, predicted to result in loss-of-function, is also associated with excess of S-cones and rod degeneration in the rd7 mouse (43 -45) . In vitro studies have revealed that NR2E3 activates the promoters of rod-specific genes synergistically with NRL, CRX and other proteins (33, 35) and represses CRX-mediated activation of cone genes (34, 35) . Aberrant expression of cone-specific genes in the photoreceptor layer of the rd7 retina further supports the opposing functions of NR2E3 on rod versus cone genes (34, 46) . However, in vivo function(s) of NR2E3 in establishing photoreceptor identity and underlying mechanism of enhanced S-cone phenotype produced by NR2E3 mutations have not been delineated.
In this report, using mouse lines expressing Nr2e3 transgene in different genetic backgrounds, we demonstrate that ectopic expression of NR2E3 in photoreceptor precursors completely suppresses cone genes and consequently cone differentiation. Instead, the cones acquire rod-like morphology, but are not photo-responsive because of the lack or low-level expression of several rod phototransduction genes. NR2E3 has dual function on rod versus cone genes in vivo, independent of NRL and/or CRX; nonetheless, it cannot produce functional rods in the absence of NRL. Our studies provide direct evidence in support of NR2E3's role in stabilizing rod developmental pathway during photoreceptor differentiation by suppressing the cone genes in post-mitotic precursors.
RESULTS

Crx promoter directs ectopic expression of NR2E3 to photoreceptor precursors
To investigate the function of NR2E3 in vivo, we took advantage of the Nrl 2/2 mice (rather than the rd7 mice), since in the Nrl 2/2 retina: (1) no endogenous NR2E3 transcript or protein is detectable; (2) rod-specific genes are not expressed; (3) the expression of cone genes is dramatically increased; and (4) the retinal phenotype is easy to distinguish with no rods and only functional cones (15) . In addition, we can directly test the function of NR2E3 without interference from NRL, which can induce rod gene expression (28,29; unpublished data) . We generated transgenic mice in the Nrl 2/2 background using Crx::Nr2e3 construct ( Fig. 1A) , in which Nr2e3 transcription was driven by the Crx promoter resulting in its expression in all post-mitotic photoreceptor precursors. The endogenous Nr2e3 gene and the transgene can be discriminated as 9.0 and 2.8 kb bands, respectively, upon Southern blot analysis of the Crx::Nr2e3/Nrl 2/2 mouse DNA (Fig. 1B) . The NR2E3 protein was detected in all six transgenic founders by immunoblot assays (data not shown). The temporal expression of Nr2e3 transcripts (data not shown) was similar to that of Crx, and NR2E3 protein was detected even at embryonic day (E)13 in the transgenic mice ( Fig. 1C ). By immunohistochemistry (IHC), NR2E3 protein was detected as early as E11 in the dorsal retina ( Fig. 1Dc ), about 1 week earlier than wild-type (WT) ( Fig. 1Dg ). At E16, NR2E3 was clearly detectable in the outer neuroblastic layer of the Crx::Nr2e3/Nrl 2/2 transgenic retina but not in WT ( Fig. 1Dd -f ). At E18, more NR2E3 positive cells were observed in the transgenic mice when compared with WT ( Fig. 1Dg and i); however, at P6 and later stages, similar NR2E3 expression levels were detected in both Crx::Nr2e3/ Nrl 2/2 and WT retina (Fig. 1C , Dj -l). A 1 h pulse labeling with (þ)5-bromo-2 0 -deoxyuridine (BrdU) did not reveal any BrdU-labeled cells in the E16 retina that also expressed NR2E3 ( Fig. 1E ). Thus, temporal and spatial expression of NR2E3 in the transgenic mice reflects high fidelity of the 2.3 kb mouse Crx promoter.
NR2E3 can repress cone-specific genes and activate rod genes
We examined P21 retinas from all six NR2E3-expressing Crx::Nr2e3/Nrl 2/2 transgenic mouse lines by IHC using antibodies against a number of rod-and cone-specific proteins. In five transgenic lines, rhodopsin was detected in the entire outer nuclear layer (ONL) with slightly stronger signal in the dorsal retina, whereas the Nrl 2/2 retina showed no rhodopsin staining. Three of the transgenic lines had no S-opsin, M-opsin or cone arrestin labeling ( Fig. 2A -C) , whereas two others displayed partial expression (data not shown). The sixth transgenic line demonstrated patchy rhodopsin expression in the ONL, with no co-staining of cone-specific markers (data not shown). These data provide a direct support of NR2E3's dual role in regulating rod and cone genes in vivo. The three transgenic lines with complete cone gene suppression were used in the following studies.
NR2E3 can partially rescue rod morphology but not function in the Nrl 2/2 retina In the WT retina, cones have open outer segment (OS) discs, their cell bodies are located in the outermost rows of the ONL, and their nuclei display punctate staining of the heterochromatin (18) . In the Nrl 2/2 retina, all photoreceptors showed showing spatial expression of NR2E3 in the Crx::Nr2e3/Nrl 2/2 mice, compared with WT and Nrl 2/2 mice, at E11, E16, E18 and 4 week. In the WT retina, NR2E3 is expressed only in the rods and not cones (32) (33) (34) (35) . In the Crx::Nr2e3/Nrl 2/2 retina, NR2E3 is expressed in both rods and cones because of the Crx promoter that is used. The staining in the WT retina appears somewhat patchy because of the short exposure time to avoid saturating the signal in most of the cells and a somewhat uneven retinal section. cone-like morphology with whorls and rosettes in the ONL (30) . Ectopic expression of NR2E3 in the Crx::Nr2e3/Nrl 2/2 retina resulted in partial transformation from cone-to apparently rod-like photoreceptors in the ONL with no obvious whorls and rosettes; this may be due to elongated OSs and dense nuclear chromatin ( Fig. 3A) . Notably, oval whorls were still observed on the flat mount retina (data not shown). The ONL was wavy and thinner when compared with the WT retina. Decreased number of cells in the ONL (20 -40% less when compared with the WT) was due to increased apoptosis, as indicated by TUNEL staining (data not shown). OS in the Crx::Nr2e3/Nrl 2/2 retina were longer, but still misaligned and shorter than those of the WT (Fig. 3A) . The ultrastructure of the OS discs, revealed by transmission electron microscopy (TEM), showed rod-like closed discs in the Crx::Nr2e3/Nrl 2/2 retina, although the length and orientation of the discs were not as organized as in the WT retina ( Fig. 3B ). Ectopic expression of NR2E3 can therefore drive photoreceptor precursors towards the rod phenotype, even in the absence of NRL.
We examined retinal function of Crx::Nr2e3/Nrl 2/2 mice by electroretinography (ERG) ( Fig. 3C -F) . Expectedly, the three transgenic lines with complete suppression of S-and M-opsin showed no detectable ERGs driven by bipolar cells post-synaptic to S-or M-cones. This is in contrast with Nrl 2/2 mice where post-receptoral S-cone responses were nearly 10-fold greater in amplitude when compared with WT ( Fig. 3C and D). Unexpectedly, even though there was high expression of rhodopsin ( Fig. 2 ), all animals from these transgenic lines showed no detectable ERGs when presented with stimuli known to activate rod photoreceptors ( Fig. 3E and F, and data not shown). Under these dark-adapted conditions, activity of rod bipolar cells dominate ERG b-waves from 24 to 21 log scot-cd.s.m 22 in WT mice; cone-derived function contributes increasingly at higher intensities as seen from the cone-only responses of Nrl 2/2 mouse ( Fig. 3E and F) (15, 30) . ERG photoresponses directly originating from photoreceptor activity were also extinguished ( Fig. 3E and F, and data not shown). With the paired high-intensity photoresponses used, rod activity normally dominates the first flash response ( Fig. 3F , black traces); and, cone activity dominates the second flash response. In the Nrl 2/2 mice, photoresponses were smaller (68 + 18 versus 377 + 133 mV) and slower (1.93 + 0.35 versus 3.33 + 0.13 log scot-cd 21 .m 2 .s 23 ) than those driven by WT rods, but they were larger than those driven by WT cones (Fig. 3F ).
The two Crx::Nr2e3/Nrl 2/2 lines with incomplete cone suppression showed recordable ERGs with abnormal b-wave amplitudes and threshold elevations similar to the Nrl 2/2 mice but with smaller amplitudes. In these lines, there was also no evidence of rod function, but there was detectable cone function, which was enriched in S-cone activity (data not shown). ERG responses to the short wavelength stimulus in these lines were three to four times larger than those evoked by the longer wavelength flash; this ratio was three to six times in the Nrl 2/2 mice. The transgenic line with minor cone-opsin suppression revealed ERGs similar to those of the Nrl 2/2 mice (data not shown).
Lack of rod function in the Crx::Nr2e3/Nrl 2/2 retina is associated with reduced or no expression of several rod phototransduction genes
To investigate the underlying cause of the apparent lack of rod activity, despite the existence of rod-like cells with high rhodopsin expression, we performed quantitative RT -PCR (qPCR) analysis of phototransduction genes using total RNA from the WT, Nrl 2/2 and Crx::Nr2e3/Nrl 2/2 retina. We observed dramatically lower expression of genes encoding cone phototransduction proteins (such as S-opsin, M-opsin, Gnat2, Pde6c and Arr3) in the Crx::Nr2e3/Nrl 2/2 retina when compared with Nrl 2/2 ; however, among the rod genes tested by qPCR only rhodopsin transcripts were dramatically increased and almost reached the level of the WT (Fig. 4) . While a few of the rod phototransduction genes, such as Pde6b and Cnga1, exhibited higher yet variable level of expression, the transcripts for alpha subunit of rod transducin, Gnat1, were undetectable as in the Nrl 2/2 mouse ( Fig. 4) . It therefore appears that NR2E3 cannot direct the expression of the full complement of rod-specific genes when NRL is not present. Consistent with our findings, Gnat1 knockout mice have no rod ERG but do show relatively normal retinal morphology (47) .
Potential downstream targets of NR2E3 identified by gene profiling of FACS-purified photoreceptors
To validate qPCR results and explore additional possible downstream targets of NR2E3, we mated the transgenic mice with the Nrl::GFP transgenic mice, in which the expression of GFP is driven by an Nrl promoter (21) . In the resulting Nrl::GFP/Crx::Nr2e3/Nrl 2/2 mice, all rod photoreceptors are specifically tagged with GFP and can therefore be purified by fluorescence-activated cell sorting (FACS). We performed expression profiling of FACS-purified GFPþ cells from Nrl::GFP/Crx::Nr2e3/Nrl 2/2 mice at 4 weeks. The comparison of gene profiles to those of GFPþ cells from Nrl::GFP/Nrl 2/2 and Nrl::GFP/WT mice (21) revealed that ectopic expression of NR2E3 suppressed a large number of genes, which were up-regulated in the Nrl::GFP/Nrl 2/2 retina ( Table 1) . Several of these genes are known to be preferentially expressed in cone photoreceptors ( Fig. 4 ). Interestingly, a much smaller set of genes was upregulated upon expression of NR2E3 in the Nrl 2/2 retina; whereas rhodopsin was among the genes induced by NR2E3, several rod phototransduction genes showed only marginal or no increase in expression when compared with the Nrl 2/2 retina (Table 1; data not shown). These differentially expressed genes in the Crx::Nr2e3/Nrl 2/2 retina, compared with Nrl 2/2 retina, are potentially direct downstream targets of NR2E3. (48) ; however, S-opsin and cone arrestin are enriched and rhodopsin is undetectable because of the absence of NRL ( Fig. 5 ; data not shown). In the Crx::Nr2e3/Nrl 2/2 /Crx 2/2 retina, ectopic expression of NR2E3 results in complete suppression of S-opsin and cone arrestin, whereas rhodopsin staining is observed in the ONL (Fig. 5 ; data not shown). A few rhodopsin positive cells are found even in the inner nuclear layer (INL) of the Crx::Nr2e3/Nrl 2/2 /Crx 2/2 retina (data not shown), probably reflecting migration defects. These data suggest that NR2E3 can directly modulate rod and cone specification even in the absence of CRX and/or NRL.
NR2E3 transforms cone precursors to rod-like cells in the WT retina
To further examine NR2E3 function, we transferred the Crx::Nr2e3 transgene to the WT background. Expression of rhodopsin in the Crx::Nr2e3/WT retina was similar to WT; however, no cone-specific markers were detected (Fig. 6A ). The retinal histology was apparently normal in the transgenic mice, except that cone-like nuclei were not observed (Fig. 6B) .
To determine the fate of cone precursors in the Crx::Nr2e3/ WT retina, we injected a single dose of BrdU in the pregnant mice at day 14 after fertilization (note that E13 -E14 represents the peak of cone genesis) and analyzed the retinas at P21. The number of strongly BrdU-labeled cells in the ONL near the optic nerve was not altered in transgenic retinas when compared with WT retinas (data not shown); however, there was a difference in the location of these cells. In the WT retina, strongly BrdU-labeled cells were observed in both the inner and outer halves of the ONL, and most cells in the outer half co-expressed cone markers, such as S-opsin ( Fig. 6Ca-d ). In the transgenic retina, almost all strongly BrdU-labeled cells were located in the inner part of the ONL (Fig. 6Ce -f ). TUNEL staining at E16, P2, P6, P10 and 4 weeks did not reveal any obvious differences between the WT and transgenic retinas (data not shown). We propose that NR2E3 expression forces the early-born cone precursors to adopt the rod-like phenotype; these cells stay in the inner part of the ONL with other early-born rods and do not migrate to the outer part of the ONL as WT cones. ERGs from the Crx::Nr2e3/WT transgenic mice show normal rod responses but undetectable S-or M-cone responses (Fig. 6D) . Thus, these retinas contain only rod photoreceptors.
Ectopic expression of NR2E3 transforms differentiating S-cones into rod-like cells
We then wanted to test whether ectopic expression of NR2E3 can also suppress phototransduction genes in differentiating cones. We therefore expressed NR2E3 under the control of S-opsin promoter (49) in both Nrl 2/2 and WT genetic backgrounds (Fig. 7) . In the S-opsin::Nr2e3/Nrl 2/2 retina, the temporal expression of Nr2e3 transcripts was similar to S-opsin in the early developmental stages but decreased after 3 weeks, and the protein amounts appeared considerably lower than the WT (Fig. 7C and D) . Rhodopsin was detected in the ONL and OSs (Fig. 7G -J) and was predominantly distributed in the dorsal retina (data not shown). In retinal sections and whole mounts, rhodopsin and cone proteins did not colocalize ( Fig. 7G and J) . A few of the nuclei in the ONL of the S-opsin::Nr2e3/Nrl 2/2 retina showed rod-like morphology and the OSs were rod-like (closed discs and long) but were distorted when compared with the Nrl 2/2 retina ( Fig. 7E and F) . ERG studies showed no differences in visual function between the transgenic and the Nrl 2/2 mice (data not shown). qPCR analysis revealed the absence 
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Human Molecular Genetics, 2006, Vol. 15, No. 17 Fig. 2A ). Rod-like nuclei are indicated by arrows. (F) TEM shows closed discs with distorted orientation in the photoreceptor outer segment of the S-opsin::Nr2e3/Nrl 2/2 mouse, compared with WT and Nrl 2/2 mice (see Fig. 2B ). Arrows indicate OS membrane surrounding the discs. of Gnat1 transcripts in the S-opsin::Nr2e3/Nrl 2/2 retina although rhodopsin expression could be detected (data not shown). A less dramatic phenotype in the S-opsin::Nr2e3 retina when compared with the Crx::Nr2e3 mice is probably because of the expression time and levels of NR2E3 in developing cones. The reduced level of NR2E3 in S-opsin::Nr2e3 retina may reflect an equilibrium between the NR2E3 expression driven by the S-opsin promoter and its subsequent repression by NR2E3 itself.
In the S-opsin::Nr2e3/WT mice, retinal morphology and ERGs showed no obvious difference from WT (data not shown). Although the dorsal -ventral pattern of S-opsin gradient was not altered in the S-opsin::Nr2e3/WT retina, the number of S-opsin positive cells was decreased in retinal flat mounts ( Fig. 7K and L) and sections (data not shown). Cone arrestin positive cells were also reduced but not the M-opsin positive cells (data not shown).
DISCUSSION
Nuclear receptors (NRs) are ligand-dependent transcription factors that regulate critical biological processes and integrate responses to diverse signaling pathways (50, 51) . The function of NRs can switch, depending on the context, from gene activation to repression, and be modulated by preferential recruitment of regulatory cofactors in response to molecular cues (such as binding of a ligand or post-translational modifications) (52) . Here, we demonstrate that NR2E3 has a critical role in photoreceptor development. We show that the primary role of NR2E3 in post-mitotic photoreceptor precursors is to suppress the expression of cone genes, thereby facilitating the induction of rod differentiation. On its own, NR2E3 cannot directly produce the functional rods; nonetheless, it does activate some of the rod-specific genes and leads to rod-like morphology. The dual function of NR2E3 in gene regulation does not require NRL or CRX as revealed by studies in Nrl 2/2 and Crx 2/2 backgrounds; however, as suggested (33) , the endogenous function of NR2E3 is likely to be accomplished synergistically with CRX and NRL during normal rod development. In vitro studies showing repression of CRX-mediated transactivation of cone opsin promoters by NR2E3 (34, 35 ) support our in vivo findings of the dual and opposing functions of NR2E3 on rod versus cone gene expression. We propose that NR2E3 function is essential to stabilize the rod cell lineage in photoreceptor precursors, allowing their subsequent differentiation into functional rods.
The expression of NR2E3 in new-born and developing rods (32, 33) suggests that it functions in integrating gene regulatory networks, which guide the differentiation of post-mitotic precursors to functional rod photoreceptors. The timing and level of NR2E3 expression appear to be critical since the S-opsin::Nr2e3 transgene, which is activated later in development, induces rod morphology and rod-specific genes to a much lesser extent when compared with NR2E3 driven by the Crx promoter, which is activated earlier in photoreceptor precursors. When expressed early in post-mitotic precursors under control of Crx promoter, NR2E3 is able to completely suppress cone photoreceptor function (as measured by ERG response) in the WT and Nrl 2/2 retina. However, although the presumptive cones acquire rod-like morphology in the Nrl 2/2 background they do not exhibit rod function. This is probably because, in the absence of NRL, NR2E3 fails to activate expression of many rod genes, including rod transducin, Gnat1 which is an essential G-protein in the rod phototransduction pathway. A putative NR2E3-binding site could not be identified within the 2 kb promoter region of Gnat1 though a half site of the consensus core sequence was present in the Pde6b promoter. Earlier in vitro studies showed that NR2E3 could activate Gnat1 and Pde6b promoters, but only synergistically with NRL and CRX (33) . The low or no expression of many rod-specific genes may account for early onset degeneration of some of the rod-like photoreceptors in the transgenic mice, resulting in a thinner ONL.
The gene profiling of the purified GFPþ cells from the WT, Nrl 2/2 and Crx::Nr2e3/Nrl 2/2 retina reveals that NRL and NR2E3 serve critical yet distinct roles in mammalian photoreceptor development. While NRL is a strong activator of rodspecific gene expression, NR2E3 seems to primarily act as a transcriptional repressor of cone genes, and this function does not require NRL. We propose that NR2E3 is also a transcriptional co-activator of rod genes in the presence of NRL, as indicated by in vitro data (33) . Investigations of retinopathy patients with NR2E3 mutations suggest developmental defects in both rod and cone photoreceptors (36 -39,44) . We suggest that aberrant or loss of NR2E3 function causes de-repression of cone genes in the developing rod photoreceptors with predominantly S-cone characteristics. Notably, S-opsin is the first visual pigment to appear in the human fetal retina and S-cones account for over 90% of the retina at fetal week 19, with subsequent decrease as development proceeds (23) . It is therefore possible that many of these S-cones acquire rod phenotype upon NRL and NR2E3 expression. The loss of NR2E3 in patients may not permit suppression of S-cone genes leading to ESCS.
Our microarray analysis of the GFPþ cells also revealed that NR2E3 altered the expression of many non-photoreceptorspecific genes; these include apoptotic markers (e.g. Caspase 7), transport proteins (such as potassium channels Kcne2 and Kcnj14) and transcription factors (like Eya1). This might reflect a stress-induced behavior of non-functional and partly developed rod-like photoreceptors in Crx::Nr2e3/Nrl 2/2 retina. It is also likely that some of the expression changes demonstrate a wider role of NR2E3 regulatory network, involving trophic effects, down-regulation of apoptosis, switching of metabolic functions etc. Further investigations are necessary to elucidate additional functions of NR2E3.
In summary, we have demonstrated bimodal functionality of the orphan nuclear receptor NR2E3 in vivo during photoreceptor development. Based on previous studies (15, 44) and the data reported here, we propose that at least two independent pathways downstream of NRL must function concurrently and synergistically to produce fully functional rods. One of these pathways requires NR2E3, which works with other co-regulators to repress cone genes. In the second pathway, NR2E3 acts as a co-activator of NRL and CRX to achieve quantitatively precise expression of many (if not all) rod-specific genes. Fine-tuning of gene expression patterns requires combinatorial action of distinct transcriptional regulators (53) . We suggest that NR2E3 expression is necessary Human Molecular Genetics, 2006, Vol. 15, No. 17 2599 to suppress cone genes in NRL-expressing photoreceptor precursors, and this in turn stabilizes the transcriptional program to generate functional rods ( Fig. 8) . Notably, the quantitatively precise spatiotemporal coordination of gene expression that nuclear receptors orchestrate in response to molecular cues is mediated, to a large extent, by ligandbinding and protein-protein interactions (50, 52, 54) . Therefore, the identification of natural ligand(s) (if any) of NR2E3 and/or its co-regulators would be valuable for developing novel approaches to treat specific retinal degenerative diseases by modulating gene expression in photoreceptors.
MATERIALS AND METHODS
Transgenic mice A 2.3 kb mouse Crx promoter DNA (from 22286 to þ72, GenBank accession nos AF335248 and AF301006; (55) and the Nr2e3-coding region (GenBank accession no. NM013708) with an additional Kozak sequence (indicated as underlined letters) was amplified as a BglII -NotI (restriction enzyme sites are indicated as bold letters) fragment by PCR (forward primer: GACAGATCTGCCACCATGAGCTCTA CAGTGGCT; reverse primer: CACTTGGCGCGGCCGCC TAGTTTTTGAACATGT) from mouse retina cDNA and cloned into BamHI -NotI sites of pcDNA4/HisMaxC (Invitrogen). Then the KpnI -NotI fragment was cloned into a modified promoter-less pCl (pCIpl) vector (49) as shown (Fig. 1A) . The 4.2 kb Crx::Nr2e3 fragment was purified and injected into fertilized Nrl 2/2 (mix background of 129X1/SvJ and C57BL/6J) mouse oocytes (UM transgenic core facility). Transgenic founder mice and their progeny were identified by PCR, and then confirmed by Southern blot analysis of tail DNA. Transgenic founders were bred to the Nrl 2/2 mice to generate F1 progeny. The transgenic progeny was also mated to C57BL/6J or Nrl 2/2 /Crx 2/2 mice to generate Crx::Nr2e3/ WT or Crx::Nr2e3/Nrl 2/2 /Crx 2/2 mice, respectively. The S-opsin:: Nr2e3 transgenic mice were generated in a similar manner, except that a 520 bp mouse S-opin promoter DNA (from 2870 to 2346, Genbank accession no. L27831) (49) was used. All studies involving mice were performed in accordance with institutional and federal guidelines and approved by the University Committee on Use and Care of Animals at the University of Michigan.
DNA, RNA and protein analysis
Standard protocols were used for Southern analysis, PCR, qPCR, immunoblotting and immunofluorescence experiments (15, 21) . The primary antibodies used in this study were: rabbit anti-NR2E3 antibody (33) , rabbit anti S-opsin, M-opsin or mouse cone arrestin polyclonal antibodies (generous gifts from C. Craft), mouse anti-rhodopsin (4D2) monoclonal antibody (generous gift from R. Molday), mouse anti-g tubulin monoclonal antibody (Sigma) and rat anti-BrdU monoclonal antibody (BU1/75, Harlan Sera-Lab, Loughborough, UK). Fluorescent detection was performed using AlexaFluor-488, 546 or 633 (Molecular Probes) and Texas Red (Jackson ImmunoResearch, West Grove, PA, USA) conjugated secondary antibodies. Sections were visualized under a conventional fluorescent microscope or FV500 Confocal microscope and digitized.
BrdU labeling
Timed-pregnant females or pups received a single intraperitoneal injection of BrdU (BrdU, Sigma; 0.1 mg/g body weight). The eyes were fixed in 4% paraformaldehyde and cryosectioned at 3 weeks of age. IHC and BrdU staining were performed as described (21) .
Transmission electron microscopy
Mice were perfusion-fixed with 2.5% glutaraldehyde in 0.1 M Sorensen's buffer, pH 7.4. Eye cups were excised, fixed, dehydrated and then embedded in Epon epoxy resin following the standard protocol. Semi-thin sections were stained with toluidine blue for tissue orientation. Central part of the dorsal retina was ultra-thin sectioned (70 nm in thickness) and stained with uranyl acetate and lead citrate. The sections were examined using a Philips CM100 electron microscope at 60 kV. Images were recorded digitally using a Hamatsu ORCA-HR digital camera system operated using AMT soft- Figure 8 . A schematic representation of NR2E3 function during photoreceptor development. RPCs undergo terminal mitosis at specific times during development. The post-mitotic cells (PMCs) expressing CRX are directed towards photoreceptor lineage and pass through distinct transition stages. PMCs that actively express NRL are instructed to rod cell fate, whereas those without NRL produce cones. Ectopic expression of NR2E3 in the latter will repress cone genes and produce rod-like characteristics. The expression of NRL induces rod differentiation, but only subsequent NR2E3 expression stabilizes the cell fate by repressing cone genes.
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FACS enrichment and microarray analysis
Methods for microarray analysis have been described previously (21, 29, 56) . Mouse retinas were dissected at 4 week. GFPþ photoreceptors were enriched by FACS (FACSAria, BD Biosciences, Franklin Lakes, NJ, USA). RNA was extracted from 1 5 Â 10 5 flow-sorted cells using Trizol (Invitrogen). Total RNA (40 -60 ng) was used for linear amplification with Ovation Biotin labeling system (Nugen), and 2.75 mg of biotin-labeled fragmented cDNA was hybridized to mouse GeneChips MOE430.2.0 (Affymetrix) having 45 101 probesets (corresponding to over 39 000 transcripts and 34 000 annotated mouse genes). Four independent samples were used for each time point. Normalized data were subjected to two-stage analysis based on false discovery rate with confidence interval (FDRCI) for screening differentially expressed genes (24, 27) with a minimum fold change of 4.
Electroretinograms
Dark-adapted (.6 h) ERGs in response to increasing intensities (24.2 to 0.3 log scot-cd.s.m 22 ) of blue lights were recorded from anesthetized mice using a computer-based system as described (57) . The threshold intensity that evokes a criterion (20 mV) dark-adapted b-wave was determined by plotting its amplitude as a function of stimulus intensity and linearly interpolating the stimulus intensity value that corresponded to the criterion. Dark-adapted photoresponses were then elicited with a pair of flashes (white; 3.6 log scot-cd.s.m 22 ) presented 4 s apart and were fit with a model of phototransduction activation (58) . A second computerbased system (Espion, Diagnosys LLC, Littleton, MA, USA) was used to generate light-adapted (40 cd.m 2 white background) ERGs in response to a Xenon UV flash (360 nm peak, Hoya U-360 filter, Edmund Optics, Barrington, NJ, USA). The energy of this flash was adjusted to evoke responses matched in waveform to those elicited with green LEDs (510 nm peak; 0.87 log phot-cd.s.m 22 , 4 ms) stimulus in WT mice. These stimuli were presented in a Ganzfeld lined with aluminum foil (59) .
